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Blebbingn of neural crest cells (NCCs) are essential to the development of craniofacial
structures and the peripheral nervous system. A critical step in the development of NCCs is the epithelial to
mesenchymal transition (EMT) that they undergo in order to initiate migration. Several transcription factors
are important for the NCC EMT. However, less is known about the effectors regulating changes in cell
adhesion, the cytoskeleton, and cell motility associated with the EMT or about speciﬁc changes in the
behavior of cells undergoing EMT in vivo. We used time-lapse imaging of NCCs in the zebraﬁsh hindbrain to
show that NCCs undergo a stereotypical series of behaviors during EMT. We ﬁnd that loss of cell adhesion and
membrane blebbing precede ﬁlopodial extension and the onset of migration. Live imaging of actin dynamics
shows that actin localizes differently in blebs and ﬁlopodia. Moreover, we ﬁnd that disruption of myosin II or
Rho-kinase (ROCK) activity inhibits NCC blebbing and causes reduced NCC EMT. These data reveal roles for
myosin II and ROCK in NCC EMT in vivo, and provide a detailed characterization of NCC behavior during EMT
that will form a basis for further mechanistic studies.
© 2008 Elsevier Inc. All rights reserved.NCCs are a population of pluripotent precursors that migrate from
the developing neuroepithelium to multiple destinations where they
differentiate into craniofacial structures, neurons and glia of the
peripheral nervous system, and pigment cells (Le Douarin and
Kalcheim, 1999). A deﬁning feature of NCC development is the EMT
they undergo in order to segregate from the neuroepithelium and
begin migration. During the EMT, cells downregulate epithelial cell
adhesions in favor of adhesion to the extracellular matrix and undergo
dramatic changes in cell morphology that allow them to migrate
(Duband et al., 1995; Hay, 1995, 2005). EMT is a prevalent
phenomenon in tissue morphogenesis during embryonic develop-
ment and is associated with the progression of cancer (Hay, 1995,
2005). Moreover, EMTs underlie crucial steps in vertebrate evolution,
where they have promoted the formation of novel tissues, includingW. Johnson Street Madison, WI
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l rights reserved.the neural crest (Northcutt and Gans, 1983; Meulemans and Bronner-
Fraser, 2005).
The molecular events controlling the dynamic morphological and
behavioral changes of cells undergoing EMT are not well understood.
Following speciﬁcation, NCCs express several transcription factors
including FoxD3, Snail/Slug, and Sox9/10, that regulate gene expres-
sion to elicit the EMT (Cheung et al., 2005; reviewed in Heeg-Truesdell
and LaBonne, 2004; but also see Murray and Gridley, 2006). In
addition, two families of secreted signaling molecules, Wnts and
BMPs, are important for NCC EMT (Sela-Donenfeld and Kalcheim,
1999; Burstyn-Cohen et al., 2004; Coles et al., 2004; de Melker et al.,
2004). Potential downstream effectors of these transcription factors
and signaling molecules include cell adhesion molecules and
regulators of the cytoskeleton, such as cadherins (Bronner-Fraser et
al., 1992; Nakagawa and Takeichi, 1995, 1998; Borchers et al., 2001;
Shoval et al., 2007; Coles et al., 2007; Taneyhill et al., 2007), N-CAM
(Bronner-Fraser et al., 1992), integrins (Tucker, 2004), RhoGTPase (Liu
and Jessell, 1998), and n-coﬁlin (Gurniak et al., 2005). Moreover,
progression through the G1/S cell cycle checkpoint is required for EMT
in chicken trunk NCCs (Burstyn-Cohen and Kalcheim, 2002), and so
genes that control cell cycle, such as cyclinD1, may also regulate NCC
EMT (Burstyn-Cohen et al., 2004).
The environment of a cell profoundly inﬂuences its motility and
behavior. Thus to fully understand the mechanisms of NCC EMT it is
critical to examine these events in the natural in vivo environment.
Because of the optical clarity and accessibility of their embryos,
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vivo (Halloran and Berndt, 2003). Several studies have used in vivo
imaging of NCC migration in zebraﬁsh and chicken embryos, and
many of these demonstrate that certain cell behaviors are not present
or might be overlooked in assays of cultured cells or static image
analyses (e.g. Jesuthasan, 1996; Kulesa and Fraser, 2000; Teddy and
Kulesa, 2004; Kasemeier-Kulesa et al., 2005; Matthews et al., 2008).
However, to date no analysis of the in vivo behavior of NCCs during
EMT has been carried out in zebraﬁsh or any other species.
We combine molecular analyses and time-lapse imaging to
characterize the EMT of zebraﬁsh hindbrain NCCs. First, we use
lineage labeling of neuroepithelial cells to deﬁne the origins of NCCs.
Second, we characterize the cell behaviors and protrusions associated
with the NCC EMT. We show that NCCs break cell adhesions with their
neighbors and exhibit extensive membrane blebbing. Blebbing is
followed by the extension of ﬁlopodia and lamellipodia, and
ultimately the acquisition of mesenchymal cell shape and migration.
Third, we use live imaging of actin dynamics to show that actin
localizes differently in blebs versus ﬁlopodia and lamellipodia. Finally,
we show that the inhibition of Rho-kinase (ROCK) or myosin II activity
disrupts NCC blebbing behavior and reduces the number of NCCs
undergoing EMT.
Materials and methods
Embryo rearing, pharmacological treatments, and time-lapse imaging
Wild-type (AB) zebraﬁsh (Danio rerio) embryos were obtained from
naturalmatings. In some experimentswe used Tg(foxD3:gfp) transgenic
embryos (Gilmour et al., 2002). Embryoswere rearedat 25–29.5 °C inE3
embryomedium and staged according to Kimmel et al. (1995). Hours or
days post fertilization (hpf or dpf) were deﬁned as time reared at
28.5 °C. Pharmacological inhibitors were applied to dechorionated
embryos in 24 well plates at the ages and doses speciﬁed. Up to 20
embryos were reared in 1mL E3with 2–4% DMSO. (±)-blebbistatinwas
obtained from Sigma and ROCK inhibitor from Calbiochem.
For time-lapse imaging experiments dechorionated embryos were
mounted in 0.8–1% low melting point agarose in 10 mM HEPES-
buffered E3. Images were collected by confocal microscopy on either
an Olympus Fluoview1000 on an IX81 microscope or a BioRad MRC
1024 on a Zeiss Axiovert microscope, or by DIC or epiﬂuorescent
microscopy on a Nikon TE3000 inverted microscope.
mRNA and DNA injection
5′-capped mRNAs were transcribed using the SP6 mMessage
Machine kit (Ambion, Austin, TX) from DNA encoding glycosylpho-
sphatidylinositol-linked green ﬂuorescent protein (pCS2+GPI-GFP)
(gift from Michael Brand, University of Technology, Dresden,
Germany) and DNA encoding the calponin homology domain of
utrophin fused to mCherry (pCS2+RFP-UtrCH) (gift from Brian Burkel
and William Bement, University of Wisconsin, Madison, Wisconsin).
80–100 pg of each RNAwas injected into 1 cell of 8 cell stage embryos.
For labeling of individual NCCs, 25–50 ng of a DNA construct
containing a 4.9 kb region of the promoter sequence from the sox10
gene (Wada et al., 2005) driving expression of a prenylated GFP
(sox10:CAAX-GFP) was co-injected with mRNA encoding RFP-UtrCH.
FITC-uncaging
One-cell stage embryos were injected with 1 nL of 2% DMNB-caged
FITC-dextran (10×103 Mr, Invitrogen). Embryos were dechorionated
and oriented in 4% methyl cellulose. The ﬂuorophore was uncaged via
illumination at 360 nmwith a 60×dipping objective. Exposure for 1 s
through a pinhole aperture was controlled by an automated shutter.
Embryos were ﬁxed 2 h later. Uncaged FITC-dextran was detectedaccording to Keegan et al. (2004). Embryos were co-labeled by in situ
hybridization for krox20 to verify the area of uncaging. Stained
embryos were ﬂat mounted and the number of uncaged cells adjacent
to the neuroepithelium was counted by eye at 600× magniﬁcation.
Results
NCCs arise from within the neuroepithelium
Previous reports have demonstrated that zebraﬁsh hindbrain NCCs
are induced lateral to the future hindbrain (Schilling and Kimmel,
1994). However, marker genes for premigratory NCCs, such as foxD3,
snail2 and sox10, are also expressed in more medial domains (Figs.
1A–C; Thisse et al., 1995; Odenthal and Nusslein-Volhard, 1998; Kelsh
et al., 2000; Dutton et al., 2001). These observations suggested that
NCCs can also arise from within the pseudo-stratiﬁed neuroepithe-
lium. In order to investigate this possibility, we imaged NCCs in
transgenic embryos that express cytoplasmic GFP in NCCs (Tg(foxD3:
GFP)) (Gilmour et al., 2002). At the 8 somite stage, 13 hpf, we found
GFP expressing cells in the medial neuroepithelium round up and
undergo cytokinesis (Figs. 1D–H). Daughter cells of these divisions
translocate to the basal side of the neuroepithelium, the region of
future EMT (arrowheads in Fig. 1H). These data suggest that the
stratiﬁed neuroepithelium has the ability to generate NCCs.
To further test this idea, we directly investigated whether
neuroepithelial cells give rise to NCCs. We injected newly fertilized
embryos with caged-FITC-dextran. We photo-uncaged the FITC-
dextran in the neuroepithelium of rhombomere 4 by illumination
through a pinhole aperture at 360 nm for 1 s. We uncaged at the 8, 12,
16, 18, and 20 somite stages (13–19 hpf) and ﬁxed 2 h later. Embryos
were double-labeled for uncaged FITC and krox20, to identify
rhombomeres 3 and 5 (Figs. 1I, J). We found that the number of
labeled cells adjacent to the hindbrain decreases linearly from the 8 to
18 somite stages (m=−1, R2=1) (Fig. 1K). After uncaging at the 20
somite stage, 1 of 14 embryos had a single labeled migratory cell (not
shown). These data demonstrate that NCC delamination from
rhombomere 4 is largely complete by the 20 somite stage. Further-
more, the fact that migratory NCCs continue to be produced from
rhombomere 4 after stratiﬁcation strongly suggests that neuroepithe-
lial cells can give rise to NCCs. However, these cells probably constitute
a minority of the total number of NCCs generated in the hindbrain.
Thus, hindbrain NCCs arise from two populations: 1) early-migratory
NCCs lateral to and overlying the neuroepithelium that begin
migration between the 8 and 12 somite stages and 2) late-migratory
NCCs that arise from within the pseudo-stratiﬁed neuroepithelium
and begin migration between the 12 and 18 somite stages.
Cell behaviors during division of premigratory NCCs
We used time-lapse imaging to characterize cell division of NCCs
before and after the EMT. Previous work has shown that dorsal
neuroepithelial cells divide along the medial–lateral axis during
stages of NCC EMT (Concha and Adams, 1998). Moreover, progression
through the cell cycle has been linked to NCC EMT (Burstyn-Cohen
and Kalcheim, 2002; Burstyn-Cohen et al., 2004). The dorsal hindbrain
neuroepithelium is highly mitotically active during these stages and
wewere able to visualizemultiple cytokinetic events in eachmovie. In
all cases, the cells displayed a characteristic series of behaviors
consistent with those described in other cell types during cytokinesis
(Efﬂer et al., 2006) (Figs. 2A–E). Prior to division, cells become
rounded, detach from neighboring epithelial cells and exhibit
membrane blebbing (arrowhead in Fig. 2A). Membrane blebbing
ceases just before cytokinesis (Fig. 2B). Cytokinesis is rapid, occurring
within 10–15 min. After cytokinesis, daughter cells resume blebbing
and extend ﬁlopodia (arrowhead in Fig. 2C). Following the reestablish-
ment of the nuclear envelope, daughter cells take on an elongated
Fig. 1. NCCs arise from the neuroepithelium. (A–C) In situ hybridization for myoD and snail2 (A), foxD3 (B), and sox10 (C) at the 8 somite stage, 13 hpf. Asterisk indicates gene
expression in the otocyst in C. (D–H) Epiﬂuorescent images from a time-lapse sequence of a Tg(foxD3:gfp) embryo at the 15 somite stage, 16.5 hpf, showing half the neuroepithelium
in the region of rhombomeres 5 and 6. Dividing cells and their daughters are pseudocolored. Arrowheads in H indicate daughters of two divisions that migrate to the edge of the
neuroepithelium. Time is in minutes. (I–J) Examples of embryos ﬁxed at the 12 somite stage (I) and the 20 somite stage (J) after photo-uncaging of FITC-dextran 2 h earlier in
rhombomere 4. Embryo is labeled for uncaged FITC (purple) and krox20 (red). K) Plot of the number of migratory NCCs at various ages 2 h post uncaging. All are dorsal views, anterior
left. Scale bar=100 μm for A–C; 20 μm for D–H; and 40 μm for I, J.
Fig. 2. Imaging of cytokinesis in premigratory NCCs. (A–M) Time-lapse sequences in wild-type embryos showing cytokinesis. (A–E) Dorsal views of rhombomere 2 dorsal
neuroepithelium. Parent cell is labeled with green asterisk before division and daughters are labeled with blue and yellow asterisks. A parent cell blebs extensively before division
(arrowhead in A). Arrowhead in C indicates a ﬁlopodium extended from daughter cell. (F–M) Lateral views of cytokinesis in a mesenchymal NCC adjacent to rhombomere 3. Parent
cell is labeled with orange asterisk and daughters with red and yellow asterisks. Arrowhead in G indicates blebbing during cell rounding. Arrowhead in I indicates ﬁlopodial
protrusion prior to the completion of cytokinesis. Arrowhead in J indicates blebbing after cytokinesis. Arrowhead in L indicates a narrow intercellular bridge connecting daughter
cells. Time is in minutes. Scale bars=20 μm.
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migration within the neuroepithelium (Figs. 2D, E).
We also found that cell division frequently occurs in mesenchymal
NCCs next to the neuroepithelium after EMT, and that these cells
display similar behaviors. The mesenchymal cell shown in Figs. 2F–M
begins to bleb (arrowhead in Fig. 2G) and then rounds up while
blebbing (Fig. 2H). During cytokinesis the daughter cells extend small
ﬁlopodia and continue to bleb (arrowheads in Fig 2I). Once separated,
cells bleb for a few minutes (arrowhead in Fig. 2J), then resume
mesenchymal morphology (Fig. 2K) and usually migrate out of the
focal plane shortly after division (Figs. 2K–M). Mesenchymal cells
often remain in contact for at least several minutes after division via a
long intracellular bridge remaining from the point of cell ﬁssion
(arrowhead in Fig. 2L).
NCC EMT is characterized by a deﬁned sequence of protrusive activity
We next examined the behavior of NCCs as they undergo EMT.
Previous studies have shown that NCCs exhibit extensive protrusive
activity during migration (Tosney, 1982; Erickson and Weston, 1983;
Newgreen and Minichiello, 1995; Jesuthasan, 1996; Teddy and Kulesa,
2004; Kasemeier-Kulesa et al., 2005; Matthews et al., 2008), but did
not address the EMT itself. We found that the ﬁrst morphological
evidence of the segregation of NCCs was the appearance of gaps
between cells within the dorsal ectoderm (not shown). The loss of
contact with neighboring cells in the epithelium was immediately
followed by the onset of membrane blebs into the gaps formed
between these cells (Fig. 3A and Supplemental Movie 1). We have
imaged 96 NCCs undergoing EMT (in 14 embryos), and found that they
exhibit a stereotyped series of behaviors that are characterized by two
distinct types of cell protrusions. Prior to EMT, cells take on a rounded
morphology at the basal surface of the neuroepithelium (asterisks in
Fig. 3B). During EMT, cells extend membrane bleb protrusions into the
space along the basal side of the neuroepithelium (arrowheads in Figs.Fig. 3. Blebbing and ﬁlopodial protrusion occur during the NCC EMT. (A) Time-lapse seque
Asterisk indicates a neighboring cell. Time is in seconds. (B–I) Time-lapse sequence showing
blebbing (arrowheads in B, D) followed by migration out of the neuroepithelium accompan
basal edge of rhombomere 2/3, anterior is up, embryo is approximately 17 hpf. Time is in m3B and D, and Supplemental Movie 2). Blebbing is followed by
translocation of the cell soma in the direction of blebbing activity (Fig.
3E) and extension of ﬁlopodial and lamellipodial protrusions as the
cells migrate out of the neuroepithelium (arrowheads in Figs. 3F–I).
We next imaged cells at higher temporal resolution, capturing
images every 5 s, to examine blebbing in more detail. Blebs were
roughly hemispherical and rapidly transient. Each protrusion lasted
from 30–60 s and extended and retracted without signiﬁcant rotation
along the cell surface. Multiple blebs could form from the same cell
and these were often on the same side. Interestingly, membrane
blebbing behavior has been identiﬁed as a potential protrusive force
driving cell migration in vivo in other cell types such as primordial
germ cells (Fink and Trinkaus, 1988; Blaser et al., 2006), and is
associated with the amoeboid type of cell motility used by these cells.
In contrast, ﬁlopodia and lamellipodia are characteristic of the
adhesion-based motility used by migrating cells such as ﬁbroblasts.
Actin localizes differently in blebs and ﬁlopodia
To better understand the mechanisms of cell migration underlying
NCC EMT, and to characterize cytoskeletal dynamics during speciﬁc
behaviors, we imaged actin and membrane dynamics during EMT. To
visualize actin dynamics, we used a biosensor probe containing the
calponin homology domain of mouse utrophin fused tomCherry (RFP-
UtrCH). This probe has been demonstrated to bind selectively to
ﬁlamentous actin without interfering with its function (Burkel et al.,
2007), and allows us to visualize actin dynamics in living cells in vivo.
We used either GPI-linked GFP (GPI-GFP) or prenylated GFP (CAAX-
GFP) to label cell membranes. In our initial experiments, we injected
embryos with mRNAs encoding the RFP-UtrCH and GPI-GFP con-
structs. We injected 1 cell of 8 cell blastulae to create mosaically
labeled embryos, and imaged the behavior of presumptive NCCs by
confocal microscopy at the 8–12 somite stage, 13–15 hpf. As a second
approach that allows speciﬁc labeling of small numbers of NCCs, wence showing loss of cell adhesion and onset of blebbing in cell pseudocolored orange.
dorsal view of NCCs undergoing EMT at the edge of the neuroepithelium. NCCs undergo
ied by ﬁlopodial and lamellipodial extensions (arrowheads in F, G). Dorsal views of the
inutes.
Fig. 4. Actin dynamics in protrusions of neuroepithelial cells undergoing EMT. (A) Time-lapse sequence showing that F-actin localization coincides with membrane protrusion during
ﬁlopodial extension (arrowhead). Cells are expressing GPI-GFP to label membranes (blue) and RFP-UtrCH to label F-actin (red). Dorsal views of basal edge of rhombomere 5/6,
anterior is left, embryo is approximately 16 hpf. (B–D) Cells labeled with GPI-GFP (green) and RFP-UtrCH (red) showing actin dynamics in blebs during EMT. B shows location of cells
shown in time-lapse in C and D. Arrowheads in B delineate approximate location of edge of neuroepithelium. (C) Cell within the neuroepithelium blebbing at the basal surface. (D)
Cell delaminating from the neuroepithelium. During extension, blebs do not contain actin (arrowheads in C, D). During bleb retraction, actin accumulates beneath the membrane
(arrows in C, D). Dorsal view of basal edge of rhombomere 4, anterior is up, embryo is approximately 14 hpf. Time is in seconds. Scale bars=5 μm for A and 10 μm for B–D.
240 J.D. Berndt et al. / Developmental Biology 324 (2008) 236–244injected DNA containing a NCC-speciﬁc promoter driving expression
of prenylated GFP (sox10:CAAX-GFP). We used a 4.9 kb region of the
promoter sequence from the sox10 gene, which is expressed in both
premigratory and migratory NCCs (Wada et al., 2005).
We found that in all ﬁlopodial and lamellipodial protrusions
imaged (31 cells in 15 embryos, multiple protrusions per cell), F-actin
was localized in the cell cortex at the base of the protrusion site and in
the distal regions of these protrusions, during both extension and
retraction (arrowhead in Fig. 4A, Figs. 5D–F, and Supplemental Movie
4). This result is consistent with the known role of actin polymeriza-
tion in generating these protrusions. In contrast, all the bleb
protrusions we imaged (19 cells in 14 embryos, numerous blebs per
cell) exhibited a different pattern of actin dynamics. As seen with
ﬁlopodial protrusion, blebbing cells displayed an intense actin signalFig. 5. Actin dynamics in blebs and lamellipodia in NCCs during EMT. Time-lapse sequence of
and RFP-UtrCh mRNA. (A) Cell markedwith asterisk extends a bleb (arrow). (B) The bleb ﬁlls w
cell moves into the bleb while forming actin-ﬁlled lamellipodium and ﬁlopodia (arrowheadat the site of the protrusion. Despite this, during bleb extension the
membrane separated from the underlying actin (arrowheads in Figs.
4C, D; Figs. 5A–C and Supplemental Movies 3, 4). After the protrusion
reached its maximum extension from the cell, actin ﬁlaments formed
beneath the membrane of the bleb (arrows in Figs. 4C, D, Fig. 5B).
During bleb retraction, the intensity of the actin signal increased. This
suggests that bleb extension, unlike ﬁlopodium extension, does not
require actin polymerization and that bleb retraction results from
polymerization of actin ﬁlaments beneath the bleb cortex and
subsequent contraction. A similar pattern of actin dynamics has
been described in blebs of other cell types (Theriot and Mitchison,
1991, 1992; Blaser et al., 2006; Langridge and Kay, 2006).
The DNA labeling method also allowed us to examine cell
behaviors during EMT speciﬁcally in sox10 expressing NCCs. WeNCCs at the edge of the neuroepithelium in embryos injected with sox10:CAAX-GFP DNA
ith actin signal upon retraction (arrowhead). (C) The cell blebs again (arrow). (D–F) The
s). Images are confocal projections. Dorsal views, anterior left. Scale bar=10 μm.
Table 1
Quantiﬁcation of blebbing of NCCs in blebbistatin and ROCKi-treated embryos
Treatment Dose (μM) n Meana SEM P⁎⁎
DMSO – 9 1.7 0.23 –
Blebbistatin 1 4 0.50 0.16 0.0005
Blebbistatin 10 4 0.45 0.24 0.002
Blebbistatin 50 7 0.07 0.027 0.00001
ROCKi 10 3 1.0 0.40 0.2
ROCKi 50 3 0.24 0.10 0.00004
ROCKi 100 3 0.04 0.031 0.00001
a Average number of blebs per minute, per cell of ﬁve individual cells in 3 to 9
embryos per treatment (n is number of embryos). DIC images of NCCs delaminating
from rhombomeres 2–5 were taken at 5 s intervals for 3 min. Embryos were treated
with DMSO or DMSO+blebbistatin or ROCKi at the doses indicated beginning at the 8–
10 somite stage and imaged at the 10–14 somite stages.
⁎⁎ p-value, Students t-test, inhibitor vs. DMSO, assuming unequal variances.
241J.D. Berndt et al. / Developmental Biology 324 (2008) 236–244found that NCCs expressing the sox10:CAAX-GFP DNA and the RFP-
UtrCH RNA show similar behaviors during EMT as the cells we imaged
with DIC optics. Prior to EMT, NCCs within the neuroepithelium are
located at the basal surface and again ﬁrst undergo extensive
membrane blebbing (Fig. 5, and Supplemental Movie 4). The cell
marked with an asterisk in Fig. 5A extends blebs (arrows in Figs. 5A, C)
and then the cell moves into the bleb (Figs. 5D–F). As the cell exits theFig. 6. Inhibition of myosin II or ROCK disrupts blebbing and causes defects in NCC EMT. (A–J)
actin, red) in vehicle treated (DMSO) (A–E) or 50 μM blebbistatin-treated (F–J) embryos. Arro
after blebbistatin treatment. Dorsal view adjacent to rhombomere 2, anterior is right. Time i
10 μM (L) or 50 μM (M) blebbistatin, or 50 μM ROCK inhibitor (N). Dorsal views, anterior left.
ROCKi were at 50 μM. Scale bar=10 μm for A–J and 40 μm for K–N.neuroepithelium, actin-ﬁlled lamellipodia and ﬁlopodia extend at the
leading edge (Figs. 5D–F).
Myosin II and Rho-kinase activity are required for blebbing
Our results suggest that actin-myosin contractile activity could play a
role in NCC blebbing. Other studies have demonstrated that non-muscle
myosin II regulates local blebbing activity in cultured cells (Charras et al.,
2005; Yarrow et al., 2005) and in vivo (Blaser et al., 2006; Langridge and
Kay, 2006). In order to testwhethermyosin II plays a role inNCCblebbing,
we asked whether a small molecule inhibitor of myosin II, blebbistatin
(Straight et al., 2003), disrupts blebbing in vivo in NCCs. We bath-applied
blebbistatin to embryos and analyzed cell behavior using DIC time-lapse
imaging. We found a dose dependent decrease in blebbing within 1 h of
application (Table 1, andSupplementalMovies 5 and6).Wenext analyzed
the behavior of the membrane and cytoskeleton in blebbistatin-treated
embryos.We injected 1 cell of 8 cell blastulaewithmRNAs encoding GPI-
GFP and RFP-UtrCH and treated with 2% DMSO with or without 50 μM
blebbistatin at the 6 somite stage, 12 hpf. Then, we imaged embryos by
confocal microscopy at the 8 somite stage, 13 hpf. Blebbistatin-treated
cells generated lamellipodia and ﬁlopodia similar to controls. Initial actin
localization in blebs was also similar for blebbistatin and control-treated
embryos (Figs. 6A, C, F). However, cells in blebbistatin-treated embryos
were delayed in their ability to target actin underneath the blebbingTime-lapse sequences of cells expressing GPI-GFP (membranes, blue) and RFP-UtrCH (F-
wheads in A, C indicate normal blebs. Arrowhead in F indicates bleb that fails to retract
s in seconds. (K–N) In situ hybridization for dlx2 in embryos treated with DMSO (K), or
(O) Number of cells undergoing EMT per hour during 2 h movies. Blebbistatin (BBS) and
242 J.D. Berndt et al. / Developmental Biology 324 (2008) 236–244membrane and failed to completely dissolve the underlying actin cortex
(Figs. 6G–J). Once actin was assembled beneath the bleb, it was not
retracted. Instead the underlying cortex collapsed in the direction of the
bleb (Fig. 6J). Thus, blebbing activity was overall less dynamic in
blebbistatin-treated embryos relative to controls.
We also tested the role of Rho-kinase (ROCK), a downstream
effector of RhoGTPase that regulates cytoskeletal dynamics in many
aspects of cell motility (Raftopoulou and Hall, 2004; Jaffe and Hall,
2005). ROCK leads to stabilization of actin ﬁlaments via LIM kinase
and coﬁlin, and also leads to phosphorylation and activation of myosin
II (Bresnick, 1999). Thus inhibition of ROCK not only allows us to test
the function of this signaling pathway in controlling cell behaviors
during EMT, but also provides an independent means to inhibit
myosin II activity. We bath-applied a ROCK inhibitor (3-(4-pyridyl)
indole, ROCKi) (Yarrow et al., 2005), and analyzed blebbing using DIC
time-lapse imaging. As with blebbistatin, we found a dose dependent
decrease in blebbing within 1 h of ROCKi application (Table 1).
Myosin II and ROCK activity are required for NCC EMT
To test whether the effects of blebbistatin and ROCKi have any
consequence for EMT, we ﬁrst examined the expression of dlx2, which
is expressed only in NCCs after the onset of migration (Akimenko et al.,
1994; and our observations). Treatment with blebbistatin or ROCKi at
the 10 somite stage (14 hpf) resulted in an apparent reduction in dlx2
expression at the 18 somite stage (18 hpf) (Figs. 6K–N). High doses of
blebbistatin sometimes resulted in ectopic dlx2 expressing cells in the
dorsal medial neuroepithelium (Fig. 6M). These results suggest that
blebbistatin and ROCKi may be affecting EMT. To test this more
directly, we counted cells delaminating from the neuroepithelium.We
treated embryos with 50 μMblebbistatin or ROCKi beginning at 14 hpf,
began DIC imaging 15 min later (while continuing drug treatment
throughout imaging), and counted the number of cells exiting the
neuroepithelium (as depicted in Fig. 3) in hindbrain rhombomeres 1–
4 during the next 2 h. Interestingly, we found that blebbistatin or
ROCKi treatment signiﬁcantly decreased the number of cells under-
going EMT during this time period (Fig. 6O), suggesting that myosin II
activity and perhaps blebbing behavior is required for proper EMT.
Blebbistatin and ROCKi affect cytokinesis differently
Myosin II contractile activity is known to be required for cytokinesis,
and blebbistatin was originally identiﬁed based on its capacity to inhibit
cytokinesis (Straight et al., 2003).We tested the effects of blebbistatin and
ROCKi on cytokinesis in vivo by counting the number of visible cell
divisions in NCCs that had delaminated from the neuroepithelium during
the 2 h time periods of our DIC imagingmovies. In control DMSO-treatedFig. 7.Myosin II activity is required for cytokinesis. (A–F) Time-lapse sequences of cells expr
DMSO (A–C) or 50 μM blebbistatin (D–F). Arrowhead in D indicates site of cell ﬁssion. Timeembryos, 19% of NCCs that exited the neuroepithelium subsequently
divided (n=79 cells in 7 embryos). As expected, blebbistatin effectively
blocked cytokinesis (0% of NCCs divided, n=72 cells in 9 embryos).
Interestingly, NCCs were still able to divide normally with ROCKi
treatment (21% of NCCs divided, n=51 cells in 6 embryos), suggesting
that ROCKi speciﬁcally affects blebbing and EMT. Moreover, the different
effects of blebbistatin and ROCKi on cytokinesis suggest that ROCK is
acting throughapathwayother thanactivationofmyosin II to reduceEMT.
To further examine the effect of blebbistatin on cytokinesis, we
examined cell behaviors and actin dynamics. We injected embryos
with GPI-GFP and RFP-UtrCH mRNAs and treated with 2% DMSO with
orwithout 50 μMblebbistatin at the 7 somite stage,∼12.5 hpf.We then
imaged dividing cells within 30min. In controls, the time between cell
rounding and cell separation ranged from 10–15 min. Moreover, as
shown in other cell types (Glotzer, 2005), we found that actin localizes
in a circumferential bundle around the site of cell ﬁssion (Figs. 7A–C).
Cells in blebbistatin-treated embryosweredelayed or inhibited in their
ability to separate (Figs. 7D–F). Actin localizationwas also abnormal in
cells in blebbistatin-treated embryos. Although actin is concentrated at
the site of cell ﬁssion, it was also found in extended fan shaped arrays
into the interior of the daughter cells. Thus, myosin II inhibition
disrupts both blebbing and cytokinesis in presumptive NCCs, either of
which may contribute to defects in NCC migration (see Discussion).
Discussion
In this study we use in vivo imaging to deﬁne the behaviors of NCCs
before and during EMT, and to begin dissecting the mechanisms
controlling EMT in vivo. We ﬁnd that NCCs undergo a distinct series of
changes that underlie the EMT. Premigratory NCCs ﬁrst display extensive
membrane blebbing at the basal edge of the neuroepithelium. Blebbing is
followedbyﬁlopodial and lamellipodial extensionand translocationof the
cell body out of the neuroepithelium.We imaged actin dynamics in NCCs
in vivo and showed that actin localizes differently in blebs versus
ﬁlopodial or lamellipodial protrusions. The fact that NCCs sequentially
extend two types of protrusionswith different underlying actin dynamics
suggests they may switch their migration mode upon exit from the
neuroepithelium. Filopodia and lamellipodia are associated with adhe-
sion-based cellmigration. Conversely, blebs are associatedwith amoeboid
type cell migration and also are found during events such as cytokinesis
and apoptosis (Trinkaus, 1980; Fink and Trinkaus, 1988; Mills et al., 1998;
Reichman-Fried et al., 2004; Dean et al., 2005; Blaser et al., 2006;
Langridge and Kay, 2006).
Several other studies have indicated that blebs are not simply a
passivephenomenon resulting fromacell's internal positivepressure, but
rather are actively generated. Charras et al. (2005) suggest that localized
contraction of the cytoplasm leads to the rupture of the membrane fromessing GPI-GFP (membrane, blue) and RFP-UtrCH (F-actin, red) in embryos treated with
is in minutes. Scale bar=10 μm.
243J.D. Berndt et al. / Developmental Biology 324 (2008) 236–244the actin cortex and induces blebbing. They found that localized
application of blebbistatin or ROCK inhibitors to cultured M2 cells leads
to local inhibition of blebbing. This suggests that myosin II is required for
bleb extension and argues against a passive role for blebbing in these
cells. Moreover, a recent study has demonstrated that bleb protrusions
are required fordirectedmigrationof primordial germcells invivo (Blaser
et al., 2006), showing that blebs and cytoplasmic ﬂow can be the driving
force in cell migration. We also see translocation of the cell body into
blebs or in the direction of recent blebs, suggesting they may have a
similar function in NCCs.
Our data provide evidence that NCCs require blebbing protrusive
activity to undergo EMT. We found that inhibition of myosin II or ROCK
disrupted both blebbing andNCCEMT. However,myosin II contractility is
also required for other forces generated in migratory cells, such as those
exerted on focal adhesions (Mitchison and Cramer, 1996). Although we
did not see an obvious effect of blebbistatin on production of ﬁlopodia or
lamellipodia, it remains possible that a signiﬁcant effect of blebbistatin is
on focal adhesion forces. Liu and Jessell (1998) showed that inhibition of
Rho GTPases in chick neural tube explants caused a decrease in the
numberofmigratoryNCCswithout affectingNCC induction, and that Rho
inhibition did not affect NCCs that had already initiated migration,
suggesting that Rho signaling may speciﬁcally affect EMT and not the
ability to migrate. In contrast, a recent in vivo study showed that RhoA
inhibition caused a decrease in ﬁlopodial retractions and cell velocity in
migratingpost-oticNCCs, suggesting thatRhosignalingplaysa signiﬁcant
role in the later adhesion-based migration (Rupp and Kulesa, 2007). Our
data show that blebbing is a prominent cell behavior associated with the
ﬁrst steps of NCC EMT, and support amodel inwhich ROCK signaling and
myosin II are important for bleb based motility and EMT.
Interestingly, we found that cytokinesis of NCCs is dependent on
myosin II activity butnotROCKactivity. Bothmyosin II andROCKsignaling
have knownroles in cytokinesis (Straight et al., 2003; Jaffe andHall, 2005),
raising the possibility that effects of blebbistatin or ROCKi treatment are
due in part to effects on cell division. NCCs undergo cell division prior to
and during migration, and previous reports indicate that progression
through theG1 to S-phase transition is required for the onset ofmigration
of chick trunk NCCs (Burstyn-Cohen and Kalcheim, 2002; Burstyn-Cohen
et al., 2004). We found that blebbistatin severely affected the ability of
NCCs to divide, while ROCKi did not. And yet both had equally strong
effects onblebbing andEMT,which suggests that a signiﬁcant part of their
effect on EMT is not due to inhibition of cytokinesis. Future work will be
necessary to determine the speciﬁc contributions of cell blebbing, cell
division, and focal adhesion-based migration for successful NCC EMT.
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